Although cancer/testis antigen DDX53 confers anti-cancer drug-resistance, the effect of DDX53 on cancer stem cell-like properties and autophagy remains unknown. MDA-MB-231 (CD133 
INTRODUCTION
The expression of DDX53, cancer/testis antigen, is restricted to the testis (Cho et al., 2002) . DDX53 is present in the sera of various cancers (Cho et al., 2002; Iwata et al., 2005; Liggins et al., 2010) . DDX53 functions as an oncogene and increases the level of cyclins (Por et al., 2010) . DDX53 confers resistance to anti-cancer drugs via negative regulation of p53 . miR-200b (Kim et al., 2013) and miR-217 negatively regulate DDX53 and confer sensitivity to anti-cancer drugs.
Side population (SP) cells contain cancer-initiating cells with stemness characteristics. SP cells show higher expression of MDR1, NANOG, SOX-2, CD44 and CD133 (Xiong et al., 2014) . SP cells possess abnormal cell cycle, high drug effluxes and high autophagic fluxes (Du et al., 2015) . Cancer/testis antigens are overexpressed in cancer stem-like cells and in various cancers . MAGEA-3, cancer/testis antigen, is expressed in SP and main population (MP) cells derived from human bladder cancer SW780 cells (Yin et al., 2014) .
MicroRNAs (miRNAs) or non-coding RNAs are key regulators of SP and cancer stem cells in general, leading to the initiation, development and progression of many malignancies. The micro reduces erlotinib resistance of lung cancer cells and cancer stem cell markers (Ahmad et al., 2013) . miR-29b inhibits cancer stemness (Chung et al., 2015) . The decreased expression of miR-451 decreases the expression of MDR1 and reduces the clonogenicity of SP cells (Du et al, 2015) . miR-1181 inhibits the CSC (cancer stem cell)-like phenotypes in pancreatic cancer . The decreased expression of miRNA148a by DNMT1, suppresses glioblastoma cell stem-like properties and tumorigenic potential (Lopez-Bertoni et al., 2015) . miR-200c decreases the expression of Sox2 to inhibit the phosphoinositide 3-kinase (PI3K)-AKT pathway (Lu et al., 2014) . The decreased expression of miR-638 promotes invasion and a mesenchymal-like transition by exerting regulation on SOX2 in vitro (Ma et al., 2014) . By modulating Oct4/Sox2 expression, the Lin28B-Let7 pathway regulates stemness properties in oral squamous cell carcinoma cells (Chien et al., 2015) .
The inhibition of autophagy increases sensitivity to gemcitabine, mitomycin and cisplatin (Ojha et al., 2014) . Inhibition of JAK2-mediated autophagy decreases the proportion of side population, tumor sphere forming ability and expression of stemness genes (Ojha et al., 2016) . Inhibition Atg-5-mediated autophagy prevents cisplatin resistance by galectin-1 in hepatic cancer cells (Su et al., 2016) . Knockdown of LC3, a marker of autophagy, leads to reduction of pluripotency in hESCs (Cho et al., 2014) . BRAF increases the level of autophagic markers, such as LC3 and BECN1, in colorectal cancer cells (Goulielmaki et al., 2016) . miR-21 mimics in hepatic cancer cells restore sorafenib resistance by inhibiting autophagy .
In this study, we showed a close relationship between autophagy and anti-cancer drug-resistance in breast cancer cells. We showed novel roles of DDX53 in autophagy and in promoting cancer stem-cell like properties.
MATERIALS AND METHODS

Cell culture
Cells were grown in DMEM containing heat-inactivated fetal bovine serum. Cultures were maintained in 5% CO 2 at 37℃.
Materials
Chemicals in this study were purchased from Sigma Company. Transfection reagents were purchased from Invitrogen (USA). All oligonucleotides used in this study were purchased from Bioneer Co. (Korea).
Flow cytometry
For CD133 surface expression analyses, viable cells (10 6 cells/ml) were incubated at 4℃ for 30 min with anti-CD133/1-PE (Miltenyi Biotec, Germany) following treatment with FcR Blocking Reagent (Miltenyi Biotec, Germany) and washed twice with PBS. Flow cytometry was carried out using a FACSCalibur (BD Biosciences, USA). Isotype-matched mouse IgG2b-PE antibodies served as controls.
Isolation of CD133
+ and CD133 -Cells CD133 + and CD133 -Cells were isolated from breast cancer cells by magnetic bead sorting using the MACs system (Miltenyi Biotec, Germany). For separation, cells were incubated with CD133 MicroBeads (100 l/10 8 cells) for 30 min at 4℃ following treatment with FcR Blocking Reagent. Cells were selected by MS columns (Miltenyi Biotec, Germany), which retained CD133 + cells linked by beads. Purity of isolated cells was evaluated by Western blotting. The fresh isolated CD133 + cells were cultured before assay in a stem cell medium containing serum-free DMEM/F12 medium (Gibco-BRL, USA), 20 ng/ml epidermal growth factor (EGF) (Sigma), 10 ng/ml basic fibroblast growth factor (bFGF) (Sigma), and 20 ng/ml leukemia inhibitor factor (LIF) (Sigma).
Tumor sphere-forming potential assay For tumorsphere forming assay, cells were seeded in 6-well plates (Corning Inc., USA) in the form of single cell suspensions (10 4 cells/well) and added with serum-free stem cell medium. All plates were maintained at 37℃ in a humidified incubator. During incubation, the cells were fed with 0.1 ml of serum-free stem cell medium on days 2, 4 and 6. Tumorspheres were observed by inverted microscopy (Olympus, Japan). The total number of tumorspheres was counted after 5-14 days of culture.
Western blot analysis
Western blot analysis and immunoprecipitation were carried out according to the standard procedures .
Chromatin immunoprecipitation (ChIP) Assays
For detection of binding of DDX53 protein to EGFR promoter sequences, EGFR promoter-1 sequences [5-CCACGGCTG TTTGTGTCAAG-3 (sense) and 5-CCTTTATTCGGGTCCCCACC -3 (antisense)], EGFR promoter-2 sequences [5-ACAGATTT GGCTCGACCTGG-3 (sense) and 5-AGGAGGAGGGAGGA GAACCA-3 (antisense)] and EGFR promoter-3 sequences [5-AGCTAGACGTCCGGGCA-3 (sense) and 5-CCGGCTCTC CCGATCAATAC-3 (antisense)] were used. Specific primers of ATG-5 promoter-1 sequences [5-TTTAGAATGGGGAATG GGTTT-3 (sense) and 5-AGAGGAGCTTCACCTATACC-3 (antisense)], ATG-5 promoter-2 sequences [5-CTTCTGGGC TTGAAAGACTG-3 (sense) and 5-AATCCATGCCATAAAGAT TATCC-3 (antisense)] were also used.
Cell viability determination
Cellular growth activity and viable cell counting were determined by MTT assays and trypan blue exclusion assays, respectively.
Capsase-3 activity assays Caspase-3 activity was measured according to the standard procedures (Kim et al., 2013) .
Transfection
Lipofectamine and Plus reagents (Invitrogen) were used for transfection.
Invasion and wound migration assays
Chemo invasion and wound migration assays were carried as described elsewhere (Kim et al., 2013) .
Immunofluorescence staining Cells were fixed in paraformaldehyde (4%) at 4℃ for 10 min and permeabilized with 0.01% Triton X-100. After blocking with 10% BSA for 1 h, cells were stained with rabbit antihuman LC3 antibody (Cell Signaling Technology, BA) overnight at 4℃. After washing, cells were incubated with secondary anti-rabbit IgG Alexa 488 for 1 h in the dark. Unbound antibody was removed with PBS, cells were analyzed using a confocal microscopy. To study the co-localization of LC3 and p62, rabbit anti-LC3 and rabbit anti-p62 (Santa Cruz, 1:100) antibodies were used. First, cells were stained with rabbit anti-LC3 antibody and secondary anti-rabbit IgG Alexa-488. Cells were then stained with rabbit anti-p62 antibody following treatment with 10% BSA for 1 h. After washing with PBS, anti-rabbit IgG Alexa-568 secondary antibody was added for 1 h and analyzed using a confocal microscopy.
Statistical analysis Statistical differences were determined by Student's t test.
RESULTS
DDX53 shows co-expression pattern with CD133, a marker of cancer stemness, in breast cancer cells MDA-MB-231cells, a highly malignant triple-negative breast cancer cells, showed increased expression of CD133 compared to MCF-7 and SK-BR3 cells in flow cytometry analysis (Fig. 1A) . MDA-MB-231cells showed increased expression of DDX53, EGFR and SOX-2 compared to MCF-7 and SK-BR3 cells (Fig. 1B) . MDA-MB-231-CD133 ( + ) cells showed higher level of DDX53, SOX-2, NANOG and MDR1 than MDA-MB-231-CD133 (-) cells (Fig. 1B) . SOX-2 expression promotes proliferation of a subset of EGFR mutant lung cancer cells (Dogan et al, 2014) . SOX-2 is necessary for cancer stemness . SOX-2 is closely related with epithelial-mesenchymal transitions . DDX53 increased tumor spheroid formation (selfrenewal activity) in MCF-7 cells while the down-regulation of DDX53 by siRNA decreased tumor spheroid formation in MDA-MB-231 cells (Fig. 1C) . DDX53 regulated the level of SOX-2 in (Fig. 1C) . Therefore, DDX53 might regulate cancer stem cell-like properties.
DDX53 promotes cancer stem cell-like properties
The decreased expression of DDX53 by siRNA in MDA-MB-231-CD133 ( + ) cells decreased the level of SOX-2, NANOG and MDR1 ( Fig. 2A ) and decreased tumor spheroid formation (Fig. 2B) . Celastrol or cisplatin did not affect tumor spheroid forming potential of MDA-MB-231-CD133 ( + ) cells (Fig. 2B) . DDX53 increased the level of SOX-2, NANOG and MDR1 in (Fig. 2C ) and tumor spheroid formation in MDA-MB-231-CD133 ( -) cells (Fig. 2D) . Therefore, DDX53 may regulate stem cell-like properties.
DDX53 interacts with EGFR
DDX53-miR-217 feedback loop regulates the expression of EGFR in melanoma cells . The possibility of an interaction between DDX53 and EGFR was examined. The decreased expression of DDX53 by siRNA decreased the expression of EGFR in MDA-MB-231 while increasing the expression of EGFR in MCF-7 cells (Fig. 3A) . DDX53 showed binding to EGFR in MDA-MB-231 cells (Fig. 3B) . miR-200b inhibitor (Fig. 3C ) and miR-217 inhibitor (Fig. 3D) 
DDX53 directly increases the expression of EGFR
ChIP assays showed the binding of DDX53 to the promoter sequences of EGFR (Fig. 4A) . The miR-200b inhibitor and miR-217 inhibitor induced the binding of DDX53 to the promoter sequences of EGFR (Fig. 4B) . Therefore, DDX53 may directly increase the expression of EGFR.
DDX53 confers anti-cancer drug-resistance Next, we examined the effect of DDX53 on anti-cancer drug-resistance. The decreased expression of DDX53 by siRNA led to cleavage of PARP (Fig. 5A ) and increased caspase-3 activity in response to anti-cancer drugs in MDA-MB-231 cells (Fig. 5B) . DDX53 exerted negative effects on cleavage of PARP (Fig. 5C ) and on increased capsase-3 activity by anti-cancer drugs in MCF-7 cells (Fig. 5D ). DDX53 increased the invasion and migration of MCF-7 cells while the decreased expression of DDX53 by siRNA decreased the invasion and migration of MDA-MB-231 cells (Fig. 5E ). The effect of DDX53 on stem cell-like properties maybe related with its effect on anti-cancer drug-resistance.
miR-200b and miR-217 enhance sensitivity to anti-cancer drugs miR-200b or miR-217 induced the cleavage of PARP by various anti-cancer drugs in MDA-MB-231 (Fig. 6A) . The downregulation of miR-200b or miR-217 prevented the cleavage of PARP by various anti-cancer drugs in MCF-7 (Fig. 6B) .
EGFR confers resistance to anti-cancer drugs
The decreased expression of EGFR by siRNA increased sensitivity to various anti-cancer drugs (Fig. 7A ) and caspase-3 activity in response to anti-cancer drug in MDA-MB-231 cells (Fig. 7B) . The decreased expression of EGFR by siRNA induced the cleavage of PARP in response to anti-cancer drug in MDA-MB-231 cells (Fig. 7C) . The decreased expression of EGFR by siRNA decreased the invasion and migration of MDA-MB-231 cells (Fig. 7D) . Therefore, there is a close relationship between anti-cancer drug-resistance and invasion and migration.
The inhibition of autophagy decreases the level of DDX53 while increasing the sensitivity to anti-cancer drugs Many reports indicate the existence of a relationship between anti-cancer drug-resistance and autophagy (Su et al., 2016) . We, therefore, examined the involvement of DDX53 in autophagy. Chloroquine (CQ), an inhibitor of autophagy, decreases the expression of DDX53 and pBeclin1 Ser15 ( Fig.   8A ) while increasing the sensitivity to various anti-cancer drugs in MDA-MB-231 cells (Fig. 8B) . CQ increased caspase-3 activity in response to various anti-cancer drugs (Fig. 8C) . Therefore, DDX53 is involved in in autophagy, and there is a close relationship between the response to anti-cancer drugs and autophagy. 
DDX53 promotes autophagy
MDA-MB-231 cells showed higher expression of ATG-5-ATG12, LC-3I/II and pBeclin1 Ser15 than MCF-7 cells (Fig. 9A) . The decreased expression of DDX53 by siRNA decreased the level of ATG-5-ATG12, LC-3I/II and pBeclin1
Ser15 in MDA-MB-231 cells (Fig. 9B) . Full-length DDX53, but not DDX53 deletion construct, increased the level of ATG-5-ATG12, LC-3I/II and pBeclin1 Ser15 in MCF-7 cells (Fig. 9C) . MDA-MB-231 cells showed highly punctate pattern of LC-3I/II (Fig. 9D) . The decreased expression of DDX53 by siRNA decreased the punctate pattern of LC-3I/II in MDA-MB-231 cells (Fig. 9D) . Therefore, DDX53 promotes autophagy in breast cancer cells.
miR-200b and miR-217 regulate autophagy in breast cancer cells
The selective autophagic receptor p62, which associates directly with both ubiquitin and LC3, transports ubiquitin conjugates to autophagosomes for degradation . The miR-200b inhibitor and miR-217 inhibitor increased the level of p62 along with DDX53, pBeclin1
Ser15 , ATG-5 and LC3-I/II in MCF-7 cells (Fig. 10A) . miR-200b and miR-217decreased the level of EGFR along with DDX53, pBeclin1 Ser15 , ATG-5 and LC3-I/II in MDA-MB-231 (Fig. 10A) . miR-200b inhibitor and miR-217 inhibitor increased punctate expression of LC-3I/II and p62 in MCF-7 cells (Fig. 10B) . miR-200b inhibitor and miR-217 inhibitor induced colocalization of LC-3I/II with p62 in MCF-7 cells (Fig. 10B) . MDA-MB-231 cells showed co-localization of LC-3I/II with p62 (Fig. 10B) . miR-200b and miR-217 prevented colocalization of LC-3I/II with p62 in MDA-MB-231 cells (Fig.  10B) . miR-200b and miR-217 decreased punctate expression of LC-3I/II and p62 in mDA-MB-231 cells (Fig. 10B) . Therefore DDX53 promotes autophagy by increasing the punctate expression of p62 and inducing co-localization of p62 with LC-3.
DDX53 directly increases the expression of ATG-5 ATG-5 promoter contains binding sites for various transcription factors (Fig. 11A) . DDX53 showed the binding to the promoter sequences of ATG-5 in MDA-MB-231 cells (Fig.  11B) . miR-200b inhibitor and miR-217 inhibitor induced the binding of DDX53 to the promoter sequences of ATG-5 in MCF-7 cells (Fig. 11B ). miR-200b or miR-217 prevented the biding of DDX53 to the promoter sequences of ATG-5 in MDA-MB-231 cells (Fig. 11C) . Therefore DDX53 directly increases the expression of ATG-5. The decreased expression of ATG-5 by siRNA confers sensitivity to anti-cancer drugs
The decreased expression of ATG-5 by siRNA decreased the level of ATG-5-ATG12 and LC-3I/II, but not the expression of DDX53 (Fig. 12A ). This suggest that ATG-5 functions downstream of DDX53. The decreased expression of ATG-5 by siRNA increased the sensitivity to anti-cancer drugs (Fig. 12B ) and led to cleavage of PARP in response to anti-cancer drugs in MDA-MB-231 cells (Fig. 12C) . The decreased expression of ATG-5 by siRNA decreased the migration of MDA-MB-231 cells (Fig. 12D) . Therefore the effect of ATG-5 on autophagy is related with its effect on the sensitivity to anti-cancer drugs.
DISCUSSION
Autophagy is necessary for maintenance of CD133 + LCSCs (liver cancer stem cells) under the oxygen-and nutrientdeprived conditions HCC (Song et al., 2013) . Targeting CD133 by CD133mAb leads to cell death in HepG2 cells via inhibition of autophagic activity . Coexpression of DDX53 with CD133 in MDA-MB-231 suggests potential role of DDX53 in cancer stemness. SOX-2 regulates cancer stem cell-like properties (Chien et al., 2015) . Because DDX53 regulates the expression of SOX-2, it may be reasonable that SOX-2 is directly regulated by DDX53.
Inhibition of celastrol-induced autophagic degradation of prevents celastrol-mediated cell death in gefitinib-resistant NSCLCs (Xu et al., 2016) . The inhibition of EGFR increases in autophagy resulting in increased cell death under hypoxia . EGFR regulates cancer stem cell-like properties in colorectal cancer cells (Valverde et al., 2015) . The fact that DDX53 binds to EGFR in MDA-MB-231 cells indicate that DDX53 regulates cancer stem cell-like properties through EGFR.
Cancer stem cell-like properties are associated with the silencing of miR-200b (Tellez et al., 2011) . miR-200b inhibits autophagy and enhances the chemosensitivity of SPC-A1/DTX and H1299/DTX cells both in vivo and in vitro by decreasing the expression of ATG12 (Pan et al., 2015) . miR200b decreases the expression of EGFR and increases sensitivity to anti-cancer drugs in lung cancer cells (Zhen et al., 2015) . miR-217 inhibits EGFR activation in melanoma cells . In this study, miR-200b inhibitor and miR-217 inhibitor increases the expression of EGFR in MCF-7 cells and induce an interaction between DDX53 and EGFR. Therefore, miR-200b and miR-217 may regulate autophagy and cancer stem-cell like properties. EGFR/Stat3/Sox-2 signaling pathway regulates cancer stemness in breast cancer cells . EGFR-SOX2 is critical for selfrenewal of human prostate cancer stem-like cells (Rybak and Tang, 2013) . It would be interesting to determine domain of DDX53 necessary for an interaction with EGFR. It would be interesting to examine whether DDX53 increases the phosphorylation of EGFR in breast cancer cells.
Autophagy confers resistance to anti-cancer drugs in hepatocellular carcinoma (Su et al., 2015) . We show the regulation of autophagy by DDX53 in MCF-7 and MDA-MB-231 cells. These results indicate novel role of DDX53 in autophagy. The identification of domain of DDX53 necessary for autophagy is the subject of ongoing investigation. Atg-5 knockout eliminates bortezomib-induced autophagosome formation and reduces susceptibility to bortezomib (Jaganathan et al., 2014) . Inhibition of autophagy by silencing ATG-5, ATG7, and BECN1 or the administration of CQ reduces the CSC populations, sphere formation, and resistance to gemcitabine . The inhibition of PDTinduced autophagy by silencing of the ATG-5 gene results in apoptosis of PROM1/CD133 ( + ) cells and decreases colonosphere formation in vitro and tumorigenicity in vivo (Wei et al., 2014) . These reports suggest the role of ATG-5 in autophagy, cancer stemness and anti-cancer drug-resistance. In this study, we show the effect of ATG-5 on the sensitivity to anti-cancer drugs.
We report novel role of DDX53 in autophagy and cancer stem cell-like properties. We present evidence that DDX53 serves as a target for the development of anti-cancer therapeutics for the treatment of breast cancer patients expressing DDX53. Further studies are needed to understand the mechanism of DDX53 and to identify DDX53-miRNA network.
